Background
==========

Neural stem cells (NSCs) are well-characterized somatic stem cells and have extensive proliferation and self-renewal capacities; they also show an extensive capacity for differentiating into daughter cell types \[[@b1-medscimonit-20-2759]\]. The reprogramming of fibroblasts into induced NSCs (iNSCs) is a potentially unlimited source of neurons. Furthermore, iNSCs have characteristics that are similar to brain tissue-derived NSCs \[[@b2-medscimonit-20-2759]\]. A number of studies have reported that cell transplantation can help repair such damaged tissue in preclinical neurodegenerative disease models; these studies include the transplantation of bone marrow stromal cells \[[@b3-medscimonit-20-2759]\] and embryonic stem cells \[[@b4-medscimonit-20-2759]\].

Apoptosis is a type of programmed cell death that occurs during developmental conditions such as cerebral injury \[[@b5-medscimonit-20-2759]\]. Hallmarks of apoptosis include cell body shrinkage, nuclear condensation, DNA fragmentation, mitochondrial depolarization, activation of apoptotic genes such as those encoding caspases, and mitochondrial release of apoptotic factors. Decreased cell volume is a typical morphological phenotype of apoptotic cells \[[@b6-medscimonit-20-2759]--[@b13-medscimonit-20-2759]\].

The phosphatidylinositol 3-kinase (PI3K) signaling pathway is implicated in cell survival and apoptosis \[[@b14-medscimonit-20-2759]\]. Akt is a main effector in the PI3K signaling pathway and plays a key role in multiple cellular processes such as glucose metabolism, apoptosis, and cell proliferation \[[@b15-medscimonit-20-2759],[@b16-medscimonit-20-2759]\]. The PI3K/Akt signaling pathway mediates mitogen-dependent growth and survival, and inhibition of this pathway results in apoptosis \[[@b17-medscimonit-20-2759]\]. Phosphorylation of Akt inactivates pro-apoptotic factors and inhibits apoptosis; conversely, inhibition of the phosphorylation of Akt induces apoptosis \[[@b18-medscimonit-20-2759],[@b19-medscimonit-20-2759]\].

Apoptosis activator II (AAII) is a known apoptosis activator \[[@b20-medscimonit-20-2759]--[@b23-medscimonit-20-2759]\], and transference of this compound to the cell induces apoptosis. In this study, we investigated whether iNSCs could effectively protect cortical cell growth after AAII treatment, and sought to identify the potential underlying mechanisms. We used a characterized cortical cell culture model of neuronal apoptosis and investigated the therapeutic effects of iNSCs.

We found that AAII-induced apoptosis was associated with the activation of caspase-3, but treatment with iNSCs blocked caspase-3 activation and inhibited apoptosis. We also found that iNSCs induced the phosphorylation of Akt and ERK, which was necessary for preventing apoptosis. Thus, iNSCs may have an anti-apoptotic role when cultured with neurons. The molecular mechanisms underlying this role are still unknown, but will be investigated further in future studies.

Material and Methods
====================

Co-culture with a cortical primary culture
------------------------------------------

Cortical neurons obtained from the cerebral cortices of 17-day-old rat embryos were cultured as described previously \[[@b24-medscimonit-20-2759]\]. The brains of embryonic rats (E16--E18) were removed from the skull, and both cortices were dissected from the brain stem and transferred into Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS; both, GIBCO-BRL, Gaithersburg, MD, USA). The cortical tissue was mechanically minced and centrifuged (320 g for 2 min). Tissue pellets were resuspended in Hanks buffer free of Ca2+ and Mg2+ and centrifuged again. After resuspension, 1 mL of ethylenediaminetetraacetic acid (EDTA)/phosphate-buffered saline (PBS) solution (GIBCO-BRL) was added before additional centrifugation. Trypsinization was performed by adding 2 mL Trypsin/EDTA solution (0.25%/0.02%, GIBCO-BRL) to the 6-mL culture suspension, and the mixture was incubated for 2 min at room temperature under gentle agitation. After resuspension in DMEM with 10% FBS, samples were squirted twice through a syringe equipped with a 23-gauge needle. After resuspending the cells in the same medium and counting them using a hemocytometer, 1 000 000 cells were seeded per well into a 12-well plate (1 mL/well) coated with glass coverslips. Cells were grown under standard conditions at 37°C and 5% CO~2~ in Neurobasal medium with B27 (Invitrogen) and glutamine (Invitrogen). Immediately afterwards, NSCs were added. Wild-type control cells (cortical neurons without AAII and iNSC) were used in the control groups. The cortical primary culture was fixed after 3 days of co-culturing with 4% paraformaldehyde for 15 min at room temperature.

Generation of iNSCs
-------------------

iNSCs were cultured as described previously \[[@b2-medscimonit-20-2759]\]. Briefly, fibroblasts (5×10^4^ cells) were infected with a pMX retrovirus expressing the reprogramming factors in different combinations for 48 h. Cells were cultured in standard NSC medium: DMEM/F-12 supplemented with N2 or B27 (GIBCO-BRL), 10 ng/mL epidermal growth factor, 10 ng/mL basic fibroblast growth factor (both from Invitrogen), 50 μg/mL bovine serum albumin (BSA; Fraction V; GIBCO-BRL), and 1× penicillin/streptomycin/glutamine (GIBCO-BRL). After the first mature iNSC clusters were observed, we either manually picked a mature iNSC clump or passaged and seeded whole dishes of cells onto either gelatin- or laminin-coated dishes and changed the medium every 24 h. Animal handling was in accordance with the animal protection guidelines of the Ministry for Primary Industries and the German animal protection laws.

Cell proliferation (WST-1) assays
---------------------------------

The number of viable cells was determined by the cell proliferation assay kit, Cell Counting Kit-1 (Roche, Penzberg, Germany), following the standard protocol. The absorbance value at 450 nm was considered to be the relative number of viable cells. Bars represent the mean (±standard deviation \[SD\]) of 3 different cultures, with n=3 dishes/culture for each concentration.

Immunocytochemistry and terminal deoxynucleotidyl transferase-mediated digoxigenin-dUTP-biotin nick-end labeling (TUNEL) assay
------------------------------------------------------------------------------------------------------------------------------

The TUNEL assay using the *In Situ* Cell Death Detection Kit (Roche) was used to confirm apoptosis by demonstrating apoptotic bodies in primary cortical neurons. Briefly, primary cortical neurons were fixed with 4% formaldehyde and incubated at room temperature for 40 min. This was followed by several rinses in PBS and permeabilization in 0.2% Triton X-100 solution on ice for 5 min. Then 50 μL of TUNEL reaction mixture was added on coverslips before being incubated for 60 min at 37°C in a dark humidified chamber. Finally, the coverslips were incubated with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA) for 20 min at room temperature and examined with a model LSM 510 Confocal microscope (Carl Zeiss, Jen, Germany). Data are expressed as the ratio of TUNEL to total nuclei and the ratio of TUNEL to total neurons.

For immunostaining of cortical neuronal cells, cells were plated onto fibronectin-coated glass coverslips in 10% FBS for 4 h. Cells were then fixed with 4% paraformaldehyde. Fixed cells were washed in PBS containing 0.1% BSA and permeabilized with PBS-blocking buffer (PBS with 0.1% BSA and 0.3% Triton X-100) for 40 min at room temperature. Fixed cells were incubated with anti-NeuN primary antibody (Abcam, Newcastle, UK). The primary antibodies were detected with Alexa 596-conjugated goat anti-rabbit immunoglobulin (IgG; Molecular Probes, Eugene, OR, USA), and cyanine-conjugated goat anti-mouse IgG. The cells were rinsed with Tris-HCl buffer, mounted in glycerin, examined, and then photographed using a model LSM 310 microscope (Carl Zeiss). Data are expressed as the ratio of apoptotic neurons to total neurons.

Western blot analysis
---------------------

Cells were resuspended in ice-cold cell lysis buffer (Cell Signaling Technology, Beverly, MA, USA) with the Protease Inhibitor Cocktail (complete mini tablet, Roche). Samples were incubated on ice for 30 min, and supernatants were recovered by centrifuging at 14 000 rpm at 4°C for 30 min. Protein concentrations were determined with a Bradford assay kit (Bio-Rad protein assay, Bio-Rad, Segrate, Italy) according to the manufacturer's instructions. Samples of 50 μg of protein per lane were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE) 10% polyacrylamide NuPAGE gels (Invitrogen, San Diego, CA, USA) and transferred to polyvinylidene difluoride membranes (Millipore, Rome, Italy). The membranes were blocked in Tris-buffered saline with 0.1% Tween-20 and 3% milk, incubated with anti-cleaved caspase-3 (Cell signaling systems), anti-Bcl-2 (Cell signaling systems), and actin (Sigma) antibodies. Next, the membranes were incubated with horseradish peroxidase-conjugated anti-secondary IgG (Invitrogen) antibody and visualized using Super Signal West Pico Chemiluminescent Substrate (Pierce, IL, USA). Densitometric quantification of the bands was performed using ImageJ software (version 1.29x: NIH, Bethesda, MD, USA). Bars represent the mean (±SD) of three replicates.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Quantification of vascular endothelial growth factor (VEGF) in conditioned medium was performed using ELISA (R&D systems) \[[@b25-medscimonit-20-2759]\] according to the manufacturer's instructions. VEGF expression was analyzed. The optimal density of the color reaction was detected at a wavelength of 450 nm using a chemiluminescence reader. The background signal detected at 450 nm was subtracted from the values. Delta values were normalized to the extinction obtained from standard curves, and protein contents were calculated for each sample.

Statistical analyses
--------------------

Data are shown as the average and SD. Statistical analyses were performed using the *t*-test. The level of statistical significance was set at P \< 0.05.

Results
=======

Induction of NSC fate on fibroblasts
------------------------------------

Stem cell factors with neural-specific transcription factors were used for the direct reprogramming of fibroblasts into iNSCs. The results were obtained within 4--5 weeks of infection using the following 5-factor (5F) combination: Brn4, Sox2, Klf4, c-Myc, and E47 (BSKME). After 5 weeks in neural differentiation medium, NSC cultures included Nestin-positive cells, indicating that fibroblasts were successfully reprogrammed to an NSC-like state with defined factors. Immunofluorescent analyses demonstrated the expression of neural lineage markers ([Figure 1](#f1-medscimonit-20-2759){ref-type="fig"}).

AAII induced neuronal apoptosis
-------------------------------

We first determined whether AAII-induced cell death was attributable to apoptosis. Cortical cells were cultured in a neural medium and exposed to AAII (0--30 μM) for 24 h. AAII inhibited the growth of cortical neuronal cells. The effect decreased in a dose-dependent fashion ([Figure 2](#f2-medscimonit-20-2759){ref-type="fig"}). Thus, the concentration of AAII was 3 μM for all further experiments.

iNSCs were seeded and co-cultured with cortical cells for 48 h. To assess the potential effects of iNSCs, a transwell culture system was used. Cortical cells were exposed to AAII for 24 h. The rates of cortical cell proliferation were used to compare the cells cultured with and without iNSCs. Compared to the cortical neuronal cell cultures with iNSCs, cortical neuronal cells cultured without iNSCs exhibited decreased proliferation, suggesting that cortical neuronal cells benefit from being cultured in the presence of iNSCs ([Figure 3](#f3-medscimonit-20-2759){ref-type="fig"}).

Apoptotic cortical cells after culturing with iNSCs
---------------------------------------------------

TUNEL is a sensitive assay for visualizing DNA damage in single cells. To assess potential apoptosis, apoptotic cells were detected using TUNEL assays after co-culturing with iNSCs. We assessed the cultures for apoptotic cells (TUNEL) and the specific neuronal marker (NeuN). After incubation, cultured cells were fixed and stained for NeuN and DAPI with TUNEL. Confocal microscopy was used to compare the cells cultured with and without iNSCs. The group of cells cultured with iNSCs had fewer apoptotic cells than the group cultured without iNSCs (P\<0.05) ([Figure 4](#f4-medscimonit-20-2759){ref-type="fig"}). The number of neuronal apoptotic cells was lower in the group cultured with iNSCs than in the group cultured without iNSCs (P\<0.05) ([Figure 5](#f5-medscimonit-20-2759){ref-type="fig"}). A secondary antibody was used to rule out non-specific staining (data not shown).

Anti-apoptotic effects are mediated via activation of iNSCs
-----------------------------------------------------------

Caspase-3 activation is the key event in apoptotic cell death. To evaluate the apoptotic effect of iNSC co-culturing, we identified the levels of caspase-3 and Bcl-2 by Western blot analyses. The level of caspase-3 was significantly higher in cells cultured without iNSCs than in cells cultured with iNSCs. We also measured the level of Bcl-2, which is considered an important anti-apoptotic protein. The level of Bcl-2 was significantly higher in cells cultured with iNSCs than in cells cultured without iNSCs ([Figure 6](#f6-medscimonit-20-2759){ref-type="fig"}).

Anti-apoptotic proteins are elevated in the supernatants of co-cultured cells
-----------------------------------------------------------------------------

Stem cells release a large number of growth factors and cytokines that are important for the repair of injured tissues \[[@b26-medscimonit-20-2759],[@b27-medscimonit-20-2759]\]. To examine whether iNSC co-culturing results in the secretion of essential repair-related growth factors, we performed ELISAs. ELISA confirmed that the levels of VEGF were increased in the cells cultured with iNSCs compared to in the cells cultured without iNSCs (P\<0.05) ([Figure 7](#f7-medscimonit-20-2759){ref-type="fig"}).

Anti-apoptotic effects are mediated by Akt and ERK phosphorylation
------------------------------------------------------------------

Phosphorylation of Akt inactivates apoptotic factors and phosphorylation of ERK is activated by growth signals. Therefore, Akt and ERK are known to inhibit apoptosis. To examine the underlying mechanisms of these processes, we analyzed a variety of signaling cascades involved in cell proliferation and survival. We performed Western blot analyses for phosphorylated Akt (p-Akt) and phosphorylated ERK (p-ERK) and found that the levels of both p-Akt and p-ERK were significantly higher in cells cultured with iNSCs than in cells cultured without iNSCs (P\<0.05 for both) ([Figure 8](#f8-medscimonit-20-2759){ref-type="fig"}).

Discussion
==========

Apoptosis of neurons in the central nervous system has been observed in a wide range of animals \[[@b28-medscimonit-20-2759]\]. Here, we showed that most cortical cell neurons undergoing apoptosis were protected by co-culturing them with iNSCs. We successfully generated iNSCs that had the ability to self-renew and were nearly identical to brain tissue-derived NSCs in terms of their morphology, gene expression profile, and epigenetics \[[@b2-medscimonit-20-2759]\]. The iNSCs can be engrafted in the stem cell niches of the adult mouse brain, where they can continue to proliferate. Therefore, these cells have potential therapeutic applications. We hypothesized that iNSCs would protect cortical cells against AAII-induced apoptosis. Our findings support our hypothesis and show that iNSCs can prevent cortical neuronal death via mechanisms that are dependent on the activation of Akt and ERK.

Apoptosis is controlled by many apoptosis-related proteins. Caspases are a highly conserved family of cysteine proteases and have been found to play a role in cell apoptosis \[[@b29-medscimonit-20-2759]\]. Caspase-3 is suggested to be the principal inducer of apoptosis \[[@b30-medscimonit-20-2759]\]. Bcl-2, an anti-apoptotic member of the protein family, determines the mitochondrial response to apoptotic stimuli and is crucial for determining whether cells survive or undergo apoptosis \[[@b31-medscimonit-20-2759],[@b32-medscimonit-20-2759]\]. The present study extends these observations to cortical cells by demonstrating that caspase-3 also plays an important role in the activation of apoptosis. Under the experimental conditions of the present study, cells cultured with iNSCs showed decreased cleaved caspase-3 levels and increased Bcl-2 levels, suggesting that iNSCs exert an anti-apoptotic effect on cortical cells.

Akt and ERK are known to inhibit apoptosis by inhibiting caspase activation. In the present study, we found that iNSCs enhanced the activation of Akt and ERK in cells cultured with iNSCs, suggesting that iNSC-induced activation of Akt and ERK might be correlated with the anti-apoptotic effect.

We also found that iNSCs promote the recovery of cortical cells by suppressing apoptosis. The anti-apoptotic effect may result from the iNSC-mediated increase in the expression of growth factors via activation of the Akt and ERK pathways. Based on these results, iNSCs may exert a protective effect and improve neuronal recovery following apoptosis.

Stem cells secret a number of cytokines and growth factors. Several growth factors and cytokines have demonstrated beneficial effects in the wound-healing process \[[@b33-medscimonit-20-2759]\]. Mesenchymal stem cells produce growth factors and cytokines, all of which are upregulated during the injury phase of wound healing \[[@b34-medscimonit-20-2759],[@b35-medscimonit-20-2759]\]. In this study, iNSC co-culturing resulted in the secretion of essential repair-related growth factors. In addition, VEGF expression was regulated in the group of cells cultured with iNSCs.

Conclusions
===========

We found that iNSCs inhibited AAII-induced cellular apoptosis in an apoptotic model of rat cortical neuronal cells. Further, iNSCs activated Akt and ERK, which are associated with the inhibition of neuronal apoptosis. Thus, treatment with iNSCs may be one way of reducing neuronal loss in brain diseases. Further studies aimed at proving this hypothesis might help in the development of therapeutic agents that can prevent neuronal cell death, and hence cure neurodegenerative diseases.
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![The differentiation potential of induced neural stem cells (iNSCs) *in vitro*. The differentiation potential of iNSCs was determined by immunocytochemistry with the antibodies neuronal marker (Nestin) and 4′,6-diamidino-2-phenylindole (DAPI), iNSC cultures contained NeuN-positive cells, indicating that fibroblasts were reprogrammed into an NSC-like state.](medscimonit-20-2759-g001){#f1-medscimonit-20-2759}

![Dose-dependent neurotoxicity of apoptosis activator II (AAII) in cortical neuronal cells. Increasing concentrations of AAII were added to the culture media of cells, and the toxicity was estimated after 24 h using the WST-1 proliferation assay.](medscimonit-20-2759-g002){#f2-medscimonit-20-2759}

![Effect of coculture with iNSCs on cortical neuronal cell proliferation. Cortical neuronal cells were cocultured with induced neuronal stem cells (iNSC). To assess potential effects of the iNSCs, a transwell culture system was used. The rates of proliferation of cortical neuronal cells cultured without iNSCs (**A**) or cocultured with iNSCs (**B**) was compared (×100).](medscimonit-20-2759-g003){#f3-medscimonit-20-2759}

![Detection of apoptosis in cortical neuronal cells by terminal deoxynucleotidyl transferase mediated digoxigenin-dUTP-biotin nick-end labeling (TUNEL). To examine the apoptotic cells in the cortical neuronal cells, we performed TUNEL staining. The cultured group with induced neuronal stem cells (iNSC) had fewer apoptotic cells compared to the cultured group without iNSCs. Histograms show the average number of TUNEL-positive cells as percentage for each group. \* p\<0.05.](medscimonit-20-2759-g004){#f4-medscimonit-20-2759}

![Detection of apoptosis in cortical neuronal cells by terminal deoxynucleotidyl transferase mediated digoxigenin-dUTP-biotin nick-end labeling (TUNEL) and neuronal nuclei (NeuN). To confirm the presence of neuronal apoptotic cells in the cortical neuronal cells, we performed double immunocytochemistry with TUNEL. Scale bar 20 um. Histograms show the average number of apoptotic cells as percentage for each group. \* p\<0.05.](medscimonit-20-2759-g005){#f5-medscimonit-20-2759}

![Anti-apoptotic effects are mediated via activation of induced neural stem cells (iNSCs). To evaluate the anti-apoptotic effect, we performed Western blot analysis of cleaved caspase-3 and B-cell lymphoma 2 (Bcl-2). The cultured group with iNSCs induced a decrease in the level of caspase-3 and an increase in the level of Bcl-2. \* p\<0.05.](medscimonit-20-2759-g006){#f6-medscimonit-20-2759}

![Anti-apoptotic proteins are elevated in supernatants of cocultured cells. To examine whether induced neural stem cells (iNSCs) coculture secrete VEGF for the repair, we performed enzyme-linked immunosorbent assays (ELISA). \* p\<0.05.](medscimonit-20-2759-g007){#f7-medscimonit-20-2759}

![Anti-apoptotic effects are mediated via phosphorylated Akt (p-Akt) and phosphorylated extracellular signal-related kinase (p-ERK). We performed Western blot analyses for p-Akt and p-ERK. The p-Akt and p-ERK were significantly higher in the cultured cells with induced neural stem cells (iNSCs). \* p\<0.05.](medscimonit-20-2759-g008){#f8-medscimonit-20-2759}
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